Abstract-The Arctic and Antarctic, as the harshest environments on the earth, are of great importance to the nation. The extreme environments can be harmful, even fatal, to human beings and mobile robots. To execute missions on the Antarctic in place of human, the State Key Laboratory of Robotics of Shenyang Institute of Automation, Chinese Academy of Sciences has designed three generations of Antarctic rovers. The hardware and software design and implementation of the third generation of Antarctic rover, which has been tested on the Antarctic during the 28th Chinese National Antarctic Research Expedition in 2011, will be presented in this paper. The preliminary experimental results, as introduced in the last part of the paper, suggest that the design and implementation of the hardware and software system can ensure efficiency and reliability of the rover working on the Antarctic.
and [6] respectively. To improve the autonomous ability of the robots on the arctic, Williams proposed a technique that can estimate the terrain slope in [7] .
The State Key Laboratory of Robotics of Shenyang Institute of Automation (SIA), Chinese Academy of Sciences (CAS), has designed three generations of rovers with the expectation to equip the CHInese National Antarctic Research Expedition (CHINARE) in the future. A complete introduction to the hardware and software design and implementation of the third generation Antarctic rover, which has attended the 28th CHINARE in 2011, is discussed in this paper. The preliminary experimental results, as introduced in the last part of the paper, suggest that the design and implementation of the hardware and software system can ensure efficiency and reliability of the rover working on the Antarctic. This paper is organized as follows: after a brief analysis of the Antarctic environment features in section II, section III reviews the first and second generations of Antarctic rovers we designed before. The design and implementation of the hardware and software of the rover are introduced respectively in section IV and V. Then, in section VI, the preliminary experimental results are presented. Finally, the conclusion is drawn in section VIII.
II. ANTARCTIC ENVIRONMENT FEATURES
To design a mobile robot that can be deployed at specific places and perform some tasks, we must first analyze the environment in-depth. The Antarctic environment, as a typical outdoor environment, has some features rather different from common outdoor environments. Here in this section, we briefly introduce the environment of the Antarctic, where few people have ever been to. The Antarctic mainland features in low temperature 1 , strong ultraviolet radiation, strong wind, dry climate and geomagnetic field 2 . As for the rover, which has to keep contact with the ground, the most important feature is the terrain of the mainland. As shown in fig.1 , most part of the Antarctic mainland (especially the working area of the rover) is clear without too many outstanding obstacles. Common man-made obstacles are oil tanks, containers, and vehicles, etc. Natural obstacles include outstanding rocks and ice cracks.
As the readers may be misled by the ice and snow, we have to point out that the ground is rather bumpy. The snow and ice may be melted by the sunlight in the day time. The ground gets rugged by water frozen at night. As a result, the pitch and roll angles change drastically when the rover moves on the ground. The most challenging obstacles for the rover are the ice cracks, as shown in Fig.2 .The width of the cracks varies from a few centimeters to a few meters. The ice cracks covered by snow, which cannot afford human or vehicles, are may be fatal for human and robots.
III. HISTORICAL REVIEW
Many intensive studies have been conducted on the autonomous behaviors of the mobile robots working in specific environments. The design and implementation (including mechanical system, perception system, control system, etc.) vary drastically for different environments.
The institute has developed three generations of Antarctic rovers since 2007. The aim of early supporting projects was to develop suitable mechanical system that could enable the robot to adapt to the Antarctic environment. The first generation, as shown in Fig. 3 , attended the 24th CHINARE. As we had no prior knowledge, we overestimated the complexity of the terrain of the Antarctic. In addition, the mechanical system is designed and manufactured completely by our institute. The reliability of the rover is reduced by a great extent because of the mechanical system. 1 . During summer, the lowest temperature near ZhongShan station is about -15 centigrade.
2. We cannot use the measurement devices based on magnetism such as magnetic compass. To solve the problems emerged during the tests on the Antarctic; we developed the second generation of Antarctic rover, as shown in Fig. 4 . At the same time, another supporting project to develop long-range rovers was assigned to our institute. We tried to improve the long-range performance of the rover by dragging a generator. This solution was proved unpractical by the experiments near Shenyang. The new project also requires the rover to gather information of Antarctic for scientific researchers. The rover has to get to targets specified by GPS coordinates to collect data such as ice thickness and temperature, humidity, etc. To fulfill the requirements, we have developed the third generation of Antarctic rover. The design and implementation of the rover is presented in the following part of this paper. The preliminary experimental results on the Antarctic during the 28th CHINARE are also summarized in this paper.
IV. HARDWARE DESIGN AND IMPLEMENTATION

A. Rover Chassis
To ensure reliability and fulfill the long-range requirement, we built the robot based on the commercial available all terrain vehicle (ATV) RANGER RZR S from Polaris. When choosing the rover chassis, we kept the following aspects in mind: size and weight, reliability and cross country performance. Because the rover has to be transported in a standard container by ship and helicopter, the rover must be of small-size and light weight. The chosen chassis is 454 kg and 2.69m×1.537m 1.791m (L×W×H). The rover had to traverse typical Antarctic terrain, including rocky terrain, puddles, snowy and icy terrain etc., either autonomously or driven by human operator. The dual A-Arm suspension system of the vehicle greatly damped the vibration of the rover. The reliability and cross country performance was ensured by the rugged design of the ATV and the 4-stroke twin cylinder engine (760 cc high outputs). The vehicle can be switched to all wheel drive (AWD). During the tests on the Antarctic, the rover sometimes got trapped in the snow if it was driven by only two wheels. If switched to AWD, the rover could adapt to all the terrain. The automatic transmission of the vehicle greatly simplified the control of the vehicle. To augment the mobility of the rover on the ice and snow, we equipped the vehicle with four triangular tracks in place of the wheels. Because of the limited time, the driven-by-wire modification of the vehicle is done by Pronto 4 S4, a commercial available autonomous driving system. The autonomous driving system could drive the vehicle autonomously with precise GPS information. With the low-cost navigation system, the autonomous driving system could not drive the vehicle normally. To solve this problem, we only utilized the mechanical design and the motor control of the system. The motor control commands were calculated by the algorithm we designed, which will be introduced in section V. Then, the motor control commands were sent to Pronto to control the motors and drive the vehicle.
B. Perception System
Considering the large area of the Antarctic, we could not utilize differential GPS. What's more, for our application, we did not need to build global consistent environment map.
The proprioceptive sensor we used was a dual-antenna integrated navigation system (INS) XW-ADU5630 from Beijing StarNeto Technology. The GPS measurements are fused with measurements from three gyroscopes and three accelerometers integrated in the INS. The INS can measure speeds of three directions (east, north and up), attitude (yaw, pitch and roll) and GPS position. The INS we chose, though relative cheap compared to other systems, can output pose information of the rover that fulfills the mapping and navigation requirements. The pose information, together with the local navigation algorithm we adopted, could ensure the safety and efficiency of the rover.
As for the exteroceptive sensors, we had to choose sensors that could apply to the environment. The Antarctic, especially the experiment area, is covered by ice and snow. Because most of the environment is white, sensors based on vision, such as monocular camera and stereo vision, could not extract features from the image of low resolution. High resolution images would affect the real-time performance of the rover. A SICK LMS511 laser scanner and a camera were chosen as our main exteroceptive sensors. The camera was mainly used for video surveillance and tele-operation. Here we had to mention that because the prior knowledge of the Antarctic we had was mainly from pictures and videos, we underestimated the terrain of the Antarctic. From the pictures and videos, the Antarctic was covered by snow and ice. We assumed the ground to be flat, smooth and soft. With this assumption, reactive obstacle avoidance algorithms could fulfill the navigation requirements. However, as mentioned in section II, the assumption turned to be unrealistic during the field tests. The attitude, especially pitch and roll angles, changed drastically. The vehicle could wind even on the ground clear of obstacles. The laser scanner was the only exteroceptive sensor we had to navigate the rover.
C. Miscellaneous
The computer we chose was an embedded automation computer from Advantech. The computer was selected for its low temperature performance, low power consumption, compact size and industrial-proven reliability. The onboard CPU was Pentium M 1.4G. The embedded computer was sufficient when we adopted the reactive control scheme, but nearly exhausted when deliberative control scheme was adopted. There were some other onboard devices, including video transmitter, data radio, power relays, Ethernet switch and wireless access point.
As for the power system of the rover, the vehicle itself was powered by gasoline, and other electrical devices were powered by on-board 110V Li-ion batteries. The oil tank of the vehicle could support the vehicle to travel at least 40 km. The batteries, together with a DC to DC converter could support the electrical devices working at least 8 hours. The overall hardware system is shown in the following figure. 
D. Special Considerations
As for the rover moving on the Antarctic mainland, some other special considerations should be taken when designing the system.
Because of the diverse terrain of the Antarctic, we could not adopt autonomous driving all the time. In fact, on the way to the experiment area from ZhongShan Station, there were some parts really dangerous even for human driver. Considering rover failures, which can be a disaster on the Antarctic, we remained control of the vehicle for the human driver. When the autonomous driving system was down or the vehicle needed to traverse some dangerous regions, the rover could be switched to human drive.
Another special consideration is the low temperature environment. Firstly, all the devices we chose were in wide temperature design. Secondly, the vehicle was modified to adapt to low temperature. The original vehicle, as shown in the right down corner of Fig. 5 , had no cover. Considering the safety of human driver and the battery capacity, we built a warm-keeping cover for the rover.
When the rover was moving on the Antarctic, some snow and ice might be thrown up onto the rover. Water melted from ice and snow might damage the electronic devices. It would be even worse if it snows. Special consideration should also be taken to protect the rover from water. The devices mounted on the roof of the rover were all designed for outdoor usage, which could protect themselves from water and snow. All the wires were connected by waterproof connectors. The cover of the vehicle could provide protection against water too. What's more, we installed all the electrical devices in the rover in two waterproof cases from PELICAN, which could provide extra protection against water. The overview of the rover is shown in the following figure. 
V. SOFTWARE DESIGN AND IMPLEMENTATION
In this section we will give a brief introduction of the algorithm design and the software implementation.
A. Reactive vs. Deliberative Control
To illustrate the algorithm, firstly we will discuss the reactive and deliberative control scheme we implemented in the rover.
As we mentioned in section IV, the reactive control scheme may be unrealistic for rover moving on the Antarctic. The performances of reactive obstacle avoidance algorithms such as vector field histogram (VFH) greatly rely on the obstacle detection algorithms. Reactive obstacle detection algorithms mainly utilize instantaneous sensor measurements to detect the obstacles. Based on the standard VFH algorithm proposed by Borenstein in [8] , we proposed and implemented a modified VFH algorithm. The safe angle was adjusted on-line adaptively based on the distance between the obstacle and the vehicle. The experimental tests in ZhongShan station where the terrain was flat and even suggested that obstacles could be reliably detected with single laser scan line. The modified VFH could navigate the rover to the targets safely.
However, because of the risings and fallings in the experiment area, the pitch and roll angles of the rover changed drastically. The obstacle detection algorithm based on single laser scan line could not detect the obstacles reliably. Also, some safe areas might be recognized by the rover as obstacles. To avoid the mistaken obstacles, the rover winded to approach the targets even on the ground clear of obstacles. The efficiency of the system was greatly affected. Even worse, simple obstacle detection algorithm could not detect the ice cracks either, which may be fatal for the rover. The reactive obstacle avoidance algorithms are mainly adopted to avoid dynamic obstacles, which did not exist in the experiment area.
To solve the problem of reliable obstacle detection and rover navigation, we adopted the deliberative control scheme based on environment map. The control system architecture is shown in the following figure. As shown in Fig. 7 , we built the environment map based on the INS and laser scanner. Then we analyzed the model to evaluate the traversability of the surrounding environment. Then, candidate paths were generated based on the nonholonomic constraint. Finally, optimal path was selected based on traversability cost and sent to Pronto to follow the path. These procedures will be discussed in detail in the following part of this section.
B. Control System Architecture 1) Pose Estimation
The positioning accuracy of the on-board navigation system was 2 meters horizontal and 4 meters in elevation. The speed error was less than 0.1 m/s. To get a relative accurate position estimation of the rover relative to the reference point, we estimated the position of the vehicle by integrating the north, east, down speeds outputted by the INS. The attitude of the vehicle, including yaw, pitch and roll, was directly outputted by the INS.
2) Environment Modeling
As for our rover, how detect the obstacles reliably is the key problem to be solved. Global consistent environment map is not a prerequisite to detect the obstacles. Building global map also needs extra work. Instead of global map, we only maintained a local consistent map in the control system. Firstly, all the laser points were transformed into a reference coordinate system by rotation and translation based on the vehicle pose and the mounting pose of the laser scanner. Then, each laser point was assigned into a grid of the predefined local map. The implementation of the update of the environment map utilized the modular algorithm proposed by Kelly in [9] as a reference. To reliably detect the obstacles, the elevation estimation together with the highest and the lowest points of that gird were recorded to represent the grid.
3) Traversability Analysis
Considering the fact that the terrain of the Antarctic is flat in large scale, we proposed one traversability analysis algorithm based on the elevation of each grid rather than utilizing algorithm based on slope calculation. The traversability of each grid consisted of two parts: the in-grid traversability and the oct-area traversability. The in-grid traversability was calculated by the difference between the highest and the lowest points falling in this grid. However, the oct-area traversability was calculated by the maximum difference between the grid and the surrounding eight grids. Both in-grid and oct-area traversability representations were normalized into 0 to 100. To ensure safety, the maximum of the in-grid and oct-area traversability was selected to represent the traversability of the grid. When planning a path for the rover, it would be more convenient to consider the rover as a point. So we expanded the traversability of each grid to a certain range, which was decided by the size of the rover. That is, the maximum traversability of a patch was set as the traversability for all the grids in that patch. The numerical traversability depicted the difficulty to traverse certain grid. The higher traversability indicated the more difficult to traverse this grid. If the traversability exceeded certain threshold, the grid was identified as non-traversable. The slope that exceeded the rover capability could be identified by this algorithm. By traversability analysis, obstacles and untraversable areas could be identified reliably.
4) Path Planning
There were two parts of the path planning algorithm: the candidate paths generation and the path selection. To incorporate the nonholonomic constraint of the vehicle, we generate the path set by circle, as proposed by Bonnafous in [10] . Then, optimal path was selected from the generated paths. The optimal path was chosen by the traversability and the target-approaching ability of each path. The traversability of a path was calculated as the average traversability cost of the grids in each path. The target approaching ability was measured by the angle difference between the last point of the path and the target GPS coordinates. For path selection, paths which has non-traversable grid were denied first. Then, the path with balanced performance between traversability and target-approaching ability was chosen as the optimal path.
5) Vehicle Control
The rover had to follow the optimal path to avoid obstacles and approach targets. The only parameter used to define each path was the turning radius. Desired steering angles could be calculated directly from the radius. Commands to control the motor to achieve this angle were sent to Pronto. The speed of the selected path was calculated by the traversability of the path. Maximum desired speed was defined in advance. Desired speed for the optimal path was calculated by the proportion of the traversability. Then, the rover was controlled reach the desired speed. If the speed error is smaller than the predefined speed error tolerance, we just kept the current control command. If the speed error is larger than the tolerance, the throttle was adjusted to accelerate or decelerate the rover to reach the desired speed. The speed error tolerance was set to avoid frequent adjustment of the vehicle which might induce unstable performance. The steering and the throttle control commands were send to the Pronto to control the motor directly to achieve the desired steering angle and speed.
C. Software Implementation
To ensure real-time performance, all the algorithms were implemented on the embedded computer in QNX Neutrino 6.5.0. The output rates of the INS and the laser were set to 100 Hz. The overall control loop, also the path planning loop, was 250 ms. Multi-thread design was adopted to improve the efficiency of the software. Besides, graphical user interface based on Photon was also designed and implemented for debugging.
VI. EXPERIMENTAL RESULTS
During 28
th CHINARE, which was the first trail of our rover on the Antarctic, various experimental tests were conducted to test the rover, including mobility tests, trajectory tracking tests, autonomous driving tests and long-range tests, etc.
The mobility tests were conducted to estimate the extreme performances of the rover. So the mobility tests were mainly conducted by human driver. The tests showed that the rover can adapt to most terrain of the Antarctic, including rocky terrain, muddy terrain, icy and snowy terrain. The maximum slope the rover could climb was 22 deg (as far as we have tested). The climbing capability ensured the rover to traverse various terrains of the Antarctic. The maximum speed we achieved was 36.58 km/h by human driver and 19.14 km/h by autonomously driving. Considering the fact that the average speed of the snow vehicle driven by human in the experiment area was about 10 km/h, the speed of the rover could fulfill the project requirements. An ice radar was equipped on the rover to collect data of ice thickness. The data collected verified the feasibility of data collection conducted by the rover.
The trajectory tracking tests were carried out with the expectation to drive vehicles to follow predefined path. The transportation of the goods between the ship and ZhongShan station, which was carried out on the sea ice, is a typical scenario that could utilize this algorithm. If the ice breaks, it would be fatal to the drivers. So we wanted to test the trajectory tracking algorithm to verify its feasibility to scenarios like this. The trajectory was provided by GPS coordinates. The path between successive points was free of obstacles, so we did not need to consider the obstacle avoidance. The algorithm we tested was the pure pursuit trajectory tracking algorithm presented in [11] .
The maximum tracking error, which can be measured by the difference of the trajectories on the snow field, is less than 0.75 m. Compared to the GPS accuracy; the trajectory tracking performance was rather satisfying.
As mentioned before, we have tested both reactive and deliberative obstacle avoidance algorithms to achieve autonomous driving. The reactive obstacle detection based on single laser scan can easily identify vertical obstacles such oil tanks, containers, humans, etc. We also simulate the dynamic obstacle by a human running around the rover. The reactive obstacle detection algorithm could reliably detect these outstanding obstacles. The modified VFH algorithm could further avoid both the static and dynamic obstacles safely. But for some small obstacles, especially ice cracks, the reactive detection algorithm might fail to detect the obstacles. Besides, because of the drastically change in pitch and roll angles, the rover sometimes mistook safe areas as obstacles. To avoid the nonexistent obstacles, the rover had to wind to approach the targets. The efficiency was greatly affected by the nonexistent obstacles.
Because of the problems with reactive obstacle avoidance algorithm, we built the system in the framework of path planning based on a environment map, as discussed in section V. Local map was set to 20×20 m 2 . Considering the balance between environment description and the computation requirements, the grid was set to 0.2×0.2 m 2 .
As there was no quantitative measurement of the model accuracy, we could only evaluate the model qualitatively. From the model we built, we could easily identify the trajectory of the rover, which was about 5 cm deeper than the original ground. Besides, if the grid is set to 0.1×0.1 m 2 , the ice cracks wider than 0.2 m could be identified from the model reliably.
However, there did exist some problems. Because we had only one laser scanner, though configured at 100 Hz output rate with 0.667 deg resolution, the laser points we got was to limited. When the rover moved at about 2 m/s, the environment could be modeled correctly. But if the speed was above 3 m/s or there was a sharp turn, some grids might have no laser points. Even if we did oct-area average, some empty grids still remained. Strictly speaking, we could not identify these grids as dangerous or safe area. In our rover, these grids were identified as untraversable area to ensure safety. Another problem was the dynamic obstacle problem. We simulated dynamic obstacles by a motorcycle driven by human to evaluate the performance. The environment model could model the dynamic obstacles. But the movement of dynamic obstacles remained in the model all the time. In spite of these problems, if there did exist obstacles (either rising or fallings) the onboard system could guarantee to detect these obstacles. That is, the safety of the rover could be ensured in deliberative control architecture. The optimal path selection further ensured safety and efficiency. The simple and easy-to-implement path planning algorithm would be troublesome if there are dense obstacles. But on the Antarctic, the distribution of obstacles was spare. The path planning algorithm was suitable, also proved by experiments, for the rover moving on the Antarctic.
The long-range performance of the rover was also tested. A group target points were set for the rover to achieve to simulate future mission for the rover. The rover could safely get to these points. The overall distance the rover traveled during one experiment was 30.35 km without human intervention. The average speed was 11.16 km/h. The longest distance the rover could achieve was mainly limited by the 27.4 L fuel tank. The maximum cruising ability of the rover with the current hardware was longer than 40 km.
VII. CONCLUSION AND FUTURE WORK
We intend to give a complete overview of the new generation of the Antarctic rover, including the hardware and software system design. Because of the page limitation, we cannot give a detail analysis of the algorithms, which will be published later in another paper. The preliminary tests of the rover verify the feasibility and the reliability of the hardware and software system design and implementation of the rover.
Because of the limited time and researchers on the Antarctic, some problems, such as the perception system, longer range operation, computing system, etc., still remained. In the future, we will work on the following subjects of the rover. Firstly, the perception system should be enhanced. We will consider equipping some more laser scanners on the rover. Besides, the ice cracks covered by snow should also be detected by the rover. Obviously, laser scanners cannot detect the ice cracks covered by snow. We are considering sonar sensors to solve this problem. Secondly, the computing system should be improved to match the enhanced perception system. Finally, the long-range performance, including cruising ability, system reliability and long-distance communication, should be augmented. The Antarctic rover will be tested agin in the near future with the expectation that it could execute tasks on the Antarctic in place of human.
